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Nitrogen-containing nutrients have long been considered to be a frequently' 
limiting resource to the growth of herbivore populations. Although this hderog~nous 
class of nutrients is represented by several essential amino acids which collectively 
determine overall quality of food proteins, few studies have actually attempted to 
relate demographic change to protein quality. We hypothesized that availability of 
essential amino acids (especially sulfur-containing amino acids) for reproduction is an 
important determinant of population density in herbivores. 
To explore this hypothesis, we examined the relationships bet\\een availability 
of essential amino acids in the diets of cotton rats in central Oklahoma and the 
intrinsic characteristics of their populations. Cotton rat populations were censused by 
live-trapping at 3 month intervals on :2 sites supporting high-density populations and 5 
sites supporting low-density populations. Stomach digesta were collected from cotton 
rats in similar habitats adjacent to these sites. Botanical composition of diets was 
determined using microhistological techniques. Amino acid composition of diets was 
determined using HPLC. 
During the breeding season. concentrations of essential amino acids were as 
much as 40% greater in diets of cotton rats from high-density populations. During 
this same period. sulfur-containing amino acids may have been below requirements for 
optimum reproduction in low-density populations. but not in high-density populations. 
Dicots, typically higher in protein than monocots. were an important component of the 
diets of cotton rats and were preferred forages in all seasonal collections. Seeds 
(especially legume seeds) and arthropods were frequently utilized by cotton rats as 
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other important sources of essential amino acids. Cover in the habitat (more available 
in habitats supporting high-density populations), and total phenolics in the diet (greate, 
concentrations in diets from low-density populations) were two other factors that 
showed consistent relationships to cotton rat population density. 
Despite the lower concentrations of essential amino acids observed in diets of 
cotton rats from low-density populations during the breeding season, differences in 
measures of reproduction, survival, and condition of animals within populatIOns 
showed no consistent pattern that was indicative of nutritional stress. We posit that 
dispersal and spacing behavior may have prevented low-density populations from 
reaching a threshold value where availability of essential amino acids in the habitat 
would become nutritionally limiting. Our data suggest that levels of essential amino 
acids during peek breeding seasons may dictate ultimate densities of cotton rats that 
can be supported in their habitat. Based on our results and those of previous studies, 
it appears that sulfur-containing amino acids are frequently the most limiting essential 
amino acids to reproduction in herbivores. 
INTRODlTCTION 
Increasing evidence supports the hypothesis that availability of high quality 
food can limit the growth and size of many populations of wild herbivores (Hanson 
1979, Keith 1983, Doonan and Slade 1995). Studies of rodent and lagomorph 
popUlations have demonstrated that relationships exist hetween availability of suitable 
forage and onset of breeding (Cole and Batzli 1979, Keith 1987), breeding intensity 
(Cole and Batzli 1978, Bomford and Redhead 1987), fecundity (Cole and Batzli 1978, 
1979), growth rates (Cole and Batzli 1979, Batzli and Lesieutre 1991), juvenile and 
adult survival (Cole and Batzli 1979, Keith 1987), and home range size (Ostfeld 1985. 
Jones 1990). However, most of these studies have not identified specific nutrients that 
might be limiting and when these limitations occur at the population level. 
White (1978, 1993) and Mattson (1980) have suggested that nitrogen-
containing nutrients are frequently limiting in the habitats of many populations of wild 
herbivores. Animals do not have a dietary requirement for protein but require specific 
amounts of essential amino acids that cannot be synthesized in adequate amounts 
endogenously from dietary protein. Therefore. diet quality relative to nitrogenous 
compounds is largely determined by how well dietary proteins supply an animal with a 
proper balance of essential amino acids (Oser 1959). Despite the potential importance 
of essential amino acids to populations of wild herbivores, few studies have actually 
examined the relationship between their availability in the habitat and population 
fluctuations. Quality of proteins (amino acid composition) in the diets of waterfowl 
(Krapu and Swanson 1975, Thomas and Prevett 1980, Sedinger 1984), willow 
ptarmigans (Lagopus lagopus - Steen 1988), primates (Oftedal 1991). northern 
bobwhite quail (Colinus virginianus - Peoples et al. 1994). and eastern cottontails 
(Sylvilagus floridanus - Lochmiller et aI. 1995) have been described. Collectivel;. 
these studies suggest that levels of essential amino acids (especially the sulfur-
containing amino acids) in the diet may be seasonally deficient relative to animal 
requirements. 
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We hypothesized that availability of sulfur-containing amino acids for 
reproduction and growth is an important determinant of population density in 
populations of wild herbivores. Cotton rats, Sigmodon hispidus (Rodentia: Cncetidae). 
are generalist herbivores that occur in grass dominated habitats in northern South 
America, Central America. and southeastern and southcentral North America (Cameron 
and Spencer 1981). In the tall grass prairies of central Oklahoma. cotton rats are the 
dominant rodent species. exhibiting regular annual fluctuations in population density 
with peak densities occurring in early autumn and minimum densities occurring in 
early spring (Goertz 1964). This species also varies greatly in density from one year 
to another (Odum 1955) and from one habitat type to another (McMurry et al. 1994) 
The primary objective of this study was to examine the dynamic relationships 
between availability of essential amino acids in the diet of hispid cotton rats and 
intrinsic characteristics of their populations. Our experimental approach was to 
compare seasonal changes in the botanical composition and protein quality of diets 
consumed by animals from replicated high-density and low-density populations. Our 
approach of examining correlations between diet quality and population density was 
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chosen over direct comparisons of dietary levels of nutrients to those levels required in 
the diet because information on the amino acid requirements of wi ld rodent species for 
growth and reproduction have not been determined (National Research Counci l 1995 ), 
MA TERIALS AND METHODS 
Study Area 
E 
After conducting extensive surveys of potential tallgrass prairie study sites in 
August 1993, we identified five distinct habitats that supported low densities of cotton 
rats (peak densities of <25 animals.' hal in western Payne Co., Oklahoma 06u3'-36'7 
N, 97°12'-9rI3' W) and two habitats that supported high densities (peak densities of 
>80 animals per ha) in southern Caddo Co., Oklahoma (34°53'-34"54' N. 98''7'-98°11' 
W). Herbaceous ground cover on three low-density sites was dominated by the 
grasses little bluestem (Schizachyrium scoparium), big bluestem (Andropogon 
gerardii), tall drop seed (Sporobolus asper), and indiangrass (Sorghastrum nutans), and 
the forbs western ragweed (Ambrosia psilostachya), white sage (Artemisia 
ludoviciana), goldenrod (Solidago spp.), and serecia lespedeza (Lespedeza cuneata). an 
exotic legume. Woody plants occurring on these sites included smooth sumac (R.b..u.s 
glabra), winged sumac (R. copallina). coral-berry (Symphoricarpos orbiculatus), sand 
plum (Prunus angustifolia), and eastern redcedar (Juniperus virginiana). The other two 
low-density sites occurred in an area that was subjected to wildfire three years 
previously and annual cattle grazing. Cotton rat populations on these sites were at 
very low densities «3 animals / hal. Vegetation on these two sites was dominated by 
the grasses little bluestem, Muhlenbeq~ia spp., purpletop (Tridens ~), and 
Scribner's panicum (Panicum oligosanthes), the forbs western ragweed, white sage, and 
goldenrod, and the woody plants eastern redcedar and smooth sumac. 
The two high-density study sites were located in heavily disturbed prairie 
dominated by johnsongrass (Sorghum halapense). which occurred in solid stands on 
~50% of one site and -25% of the second site reaching heights >2 m. Dominant forbs 
were western ragweed, white sage, and the legume prairie acacia (Acacia 
angustissima): smooth sumac was the most common woody plant. 
Population Fluctuations 
A live-trapping grid was established on each of the seven study sites. and 
consisted of 64 trap stations with one Sherman live trap (7.6 x 8.9 x 22.9 cm) per 
station. \Ve used a IS-m spacing pattern between stations on lo\\>-density grids. with 
each grid arrayed in an 8 x 8 design. We used a 10-m spacing pattern arrayed in an 8 
x 8 and 4 x 16 design on the two high-density grids. Each population was censused 
first in August 1993 and again in November 1993, and February. May, August. and 
November 1994. All traps were opened in late afternoon (1600-1800 hrl. baited with 
rolled oats, provided with cotton for warmth during cold weather. and checked 
between 0600 and 1100 hr for three consecutive days during a census period. Traps 
were placed on the grids on the afternoon before the first day of sampling and were 
removed from the grids after the third day of sampling. Captured animals were toe-
clipped with a unique number for identification and released immediately after data 
were recorded to include information on location of capture (station number). body 
mass (to the nearest 1 g), sex, reproductive condition (pregnant, lactating, or neither 
for females; scrotal or non-scrotal for males), and general condition (presence of 
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ectoparasites or wounds). Age was determined by body mass: .::;60 g = Juvenile. 61-99 
g = sub adult, > 1 00 g = adult (Stafford and Stout 1983), 
Population size of cotton rats was estimated using program CAPTURE (Otis et 
al. 1978). Model Mo was selected by CAPTURE as the best estimator of population 
size for most data sets in this study. Because Darroch's estimator (Model M t ) is 
always valid when Model Mr is true and is a more robust estimator than Mo (\Vhite et 
al. 1982), we used Darroch's estimator for all data sets except as follows. When the 
number of captures and/or recaptures was insufficient to estimate population sIze on a 
given grid using CAPTURE, we used the equation: N / 1-( I-p/ ' where N is the 
minimum number of animals known alive. p is the mean capture probability for 
animals on all other grids during the same trapping period. and 1 is the number of 
trapping occasions. If trap mortality occurred and was < S% of the total animals 
captured on a grid during a three day trapping period. dead animals were removed 
from the data set, the population estimate were determined. and dead animals were 
added back to the population estimate. If trap mortality exceeded 5% of captures (this 
only occurred once), the generalized removal estimate (Model Mbh) was used. We 
calculated density by dividing the estimated population size by the effective trapping 
area for each grid; effective trapping area was calculated as the area of a grid after 
adding to its perimeter half the mean maximum distance moved by all cotton rats on 
the grid (McMurry 1993). Survival rate was calculated for populations on each live-
trapping grid as the proportion of animals captured during a census period that were 
recaptured during any subsequent census periods. 
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Vegetation Sampling 
Vegetation on each trapping grid was described during each census period. T () 
estimate percent cover of indIvidual plant species we used the Daubenmire canopy 
cover method (Bonham 1989) within each of 30 randomly placed quadrats (20 x 50 
cm) on each grid. Cover of standing and fallen litter also was estimated using the 
Daubenmire method. After cover was estimated in each quadrat, all living herbaceOl.!s 
vegetation was clipped at ground level and sorted into mono cots and dicots. Clipped 
vegetation was then dried at 55 C for 5 days, and mass was recorded to the nearest 
0.01 g. 
Collection of Stomach Digesta 
To collect stomach digesta for diet analysis, we used snap-traps that were 
baited with the scent of peanut butter. Within 3 weeks of each census period, animals 
were removed from similar habitat> 100 m from existing trapping grids (except during 
the last census period in November 1994 when they were collected directly from live-
trapping grids). Snap traps were set near dusk. checked at night and again at dawn the 
following morning. Traps were checked every 3-4 hr during very hot weather to 
insure that trapped animals did not spoil. Variable numbers of animals were removed 
from each popUlation due to fluctuating densities. It was especially difficult to obtain 
animals from low-density study sites despite intensive etIorts during some collection 
periods when densities were extremely low. No cotton rats were caught on 2, 2, 3, 
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and 1 of the low-density sites during November 1993. February 1994. May 1994. and 
August 1994. respectively. 
All animals trapped were returned to the laboratory within 1 - 2 hr where body 
mass, length, age, sex, reproductive condition. and general body condition were 
recorded. Stomach contents from each animal were removed. cleared of parasites. 
mucosa. and hair. and wet mass was detennined before freezing. Animals were 
necropsied to measure mass of selected organs (liver. spleen, adrenal glands. seminal 
vesicles and testes for males, and uterus. ovanes and embryos, if present. for females. 
Sample Preparation and Nutrient Analysis 
We lyophilized individual stomach contents to dryness. detennined dry mass. 
and ground contents to even consistency with mortar and pestle. We excluded from 
analysis any digesta samples with a dry mass < 0.1 g to minimize contributions of 
endogenous nitrogen (Peitz and Lochmiller 1993). To ensure adequate sample volume 
for all laboratory analyses (ca. 1 g dry mass). we composited stomach contents (1-4 
rats per composite) from 222 cotton rats by season and trapping grid for a total of 104 
composites following the procedure of Jenks et al. (1989). 
We measured total phenolics in composited samples colorimetrically 
(absorbance read at 765 nm) with Folin-Ciocalteu reagent and gallic acid as a standard 
based on the procedures of Singleton and Rossi (1965). Lipid concentration was 
measured in compo sited samples using a sox let apparatus and diethyl ether as a 
solvent (Williams 1984). We detennined percent nitrogen and crude protein (6.25 x 
%N) of composited samples using a Perkin Elmer 2410 Series II Nitrogen Analyzer 
calibrated with ethylenediaminetetracetic acid (EDTA). We used alfalfa (3.028% N) 
as an external standard (obtained from the Soil, Water and Forage Analytical 
Laboratory, Department of Agronomy, Oklahoma State University, Stillwater, OK). 
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For amino acid analysis, fat-extracted compo sited samples of digesta (ca. 40 
mg of protein) were placed in 25 x 150 mm glass tubes with Teflon caps, purged with 
N gas for 4 min, and hydrolyzed in 15 ml 6N HCI at 110 C for 24 h. \\'e filtered 
hydrolyzed samples through a 0.45-j.lm syringe filter (Acrodisc CRPTF, Fisher 
Scientific, Plano, TX) and added 50 j.lL internal standard (4 mM NorleUCIne in 0.1 N 
HCl) to 150 j.lL of filtered hydrolysate prior to derivitization. Amino acids were 
derivitized (pre-column) with phenylisothiocynate to produce phenylthiocarbamyl 
amino acids using the procedure of Cohen et al. (1988). Samples were then refiltered 
through a 0.45-llm syringe filter. We determined concentrations of 9 essential 
(histidine, arginine, threonine. valine, methionine. Isoleucine. leucine. phenylalanine. 
and lysine) and 8 nonessential (aspartic acid, glutamic acid. serine. glycine. alanine. 
proline. tyrosine. and cystine) amino acids using high pressure liquid chromatography 
(Waters Model 820 System Controller and Model 50 I Pumps. Millipore Corporation. 
Milford. MA). 
We used the following chromatographic conditions: Waters Pico-Tag 
Silica/Cl8 (150 mm x 3.9 mm) column and guard column (20 mm x 3.9 mm): column 
temperature, 37 C; flow rate, l.0 mLiminute with pump back pressure of 16,095 
kg/cm2; system sensitivity, 489 mvls (recorder) and 0.1 absorbance units full scale 
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(Waters Model 484 lTV detector. set at 254 run); injection volume. 12 I-lL; and run 
time. 27.5 min. We used solvents Eluent A and Eluent B (cataiog no. 88208 a.T1d 
88112. respectively, Millipore Corp .. Milford, MA) under conditions and gradients 
described for separation of amino acids by Cohen et al. (1988). Two ground, ether-
extracted feeds (A & M Complete Rabbit Pellets and A & M Quail Starter. Stillwater 
Milling Company, Stillwater. OK) of known amino acid composition (determined by a 
certified laboratory, University of Missouri Experimental Station Chemical Lab. 
Columbia. MO) were hydrolyzed and analyzed with samples for comparison of amino 
acid recovery. Concentrations obtained for methionine and cystine were combined as 
were phenylalanine and tyrosine because cystine and tyrosine may suppl~ up to 50% 
of the requirement for their respective amino acid (National Research Council 1995). 
Tryptophan was destroyed during acid hydrolysis and therefore was not measured 
(Cohen et al. 1988), Nonprotein nitrogen was calculated as (crude protein nitrogen -
amino acid nitrogen)/crude protein nitrogen. 
Food Habits Analysis 
Food items in compo sited digesta samples were identified through 
microhistological analysis. Dried. composited samples were cleared of pigments with 
95% ethyl alcohol, bleached, stained using lactophenol blue solution. and permanently 
mounted on microscope slides using glycerin gel (Davitt and Nelson 1980). 
For each composited sample, botanical composition of the diet was determined 
by randomly locating 25 microscope fields on each of three slides, identifying the 
center most fragment in each field at 100x magnification. and counting the 0.25-mmc 
squares on a 10 x 1O-rnm ocular grid that were occupied by each fragment (McMurry 
et al. 1993). Identification of plant fragments was facilitated with reference slides of 
plant tissues prepared as above. Relative composition of plant species in the diet was 
estimated for each composite by dividing the total coverage of each plant species by 
the total coverage of all fragments. 
For statistical purposes, items in the diet were placed into the following 
categories: mono cot foliage (stems and leaves), dicot foliage (stems and leaves), nl1ll-
legume seeds (monocots, woody and herbaceous dicots, gymnospenns), legume seeds 
(including pods), arthropods. and (lther (including fungi and unidentified hagments). 
A relative food preference index (PI = proportion of plant in diet / proportion of total 
plant cover in habitat) (Lindroth and Batzli 1984a) was calculated for categories of 
plants (monocots, forbes, legumes, woody plants), and all plants identified to genus or 
species in diets for each census period. PI values> 1.0 indicate preference and values 
< 1.0 indicate avoidance relative to the availability of plants in the habitat (for true 
avoidance, PI = 0). 
Statistical Analvses 
Initial analysis of amino acids using a two-way analysis of variance procedure 
(Proc GLM, SAS Institute. Inc. 1990) with grid and season as main effects indicated 
that there was significant grid by season interaction for concentrations of all amino 
acids, so all subsequent analyses were conducted within each season. One-way 
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analysis of variance (Proc GLM. SAS Institute. Inc. 1990) was used to test for 
differences in diet quality, diet composition, and vegetation cover among grids. Single 
degree of freedom contrasts \",ere used in all analysis of variance procedures to test 
planned comparisons between low-density (Payne Co.) and high-density (Caddo Co.) 
populations. To correct for non-normality and heterogeneity of variance data were 
arcsine transformed or rank transformed (Kruskal-Wallis procedure) when necessary 
before data analysis (Conover and Iman 1981). 
Demographic attributes (percent juveniles, subadults, and adults; percent 
reproductive adult males and females; sex ratios: survival rates) were analyzed within 
season between low- and hIgh-density populations with chi-squared analysi~ or Fisher's 
exact test (Proc FREQ, SAS Institute, Inc. 1990). Due to small numbers of animals 
captured from low-density popUlations, these demographic parameters were analyzed 
within seasons after pooling animals from all low-density populations versus all 
animals from high-density popUlations. Body mass was analyzed using analysis of 
variance \Proc GLM, SAS Institute, Inc. 1990), and digesta mass. organ masses. and 
number of embryos per adult female were analyzed using analysis of covariance (Proc 
GLM in SAS. SAS Institute. Inc. 1990) with body mass as a covariate. Single degree 
of freedom contrasts were used as described above. 
A multivariate approach was used to examine the relationship between 
population density and dietary concentrations of all nine essential amino acids within 
each season. Stepwise discriminant analysis (Proc STEPDISC, SAS Institute, Inc. 
1990) was used to select a reduced set of discriminator variables (out of nine essential 
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amino acids) that would provide the best separation of population densities within each 
season. Discriminant function analysis (Proc DISCRlM. SAS Institute. Inc . 1990) was 
used to determine classification accuracy among low- and high-density populations 
using the reduced set of variables selected by stepwise discriminant analysis. 
Canonical discriminant analysis (Proc CANDISC, SAS Institute. Inc. 1990) was used 
to generate individual canonical variate scores (within each season) based on a linear 
combination of all nine essential amino acids. Data were rank transformed prior to 
multivariate analysis to correct for non-normality and heterogeneity of variance within 
the multivariate data set. 
RESULTS 
Habitat Composition 
The composition of monocots and dicots varied considerably betw~~n low- and 
high-density study sites. but percent coverage and biomass of vegetation categories 
were not dramatically different between low- and high-density sites (Figs. 1 and 2). 
All sites showed considerable seasonal variation; standing crop biomass of monocob 
and dicots was over ten-fold greater in May and August 1994 than other months 
(Fig. 2), Legumes were only available from May to November 1994. Cool-season 
annual brome grasses (Bromus spp.) dominated high-density sites in November and 
February sampling periods after warm-season grasses matured and died. but brome 
grasses were less common on low-density sites. 
Percent cover of forbs only differed between sites in May and November 1994 
(greater on low-density sites, E < 0.001), and cover of legumes differed only between 
sites in November 1994 (greater on high-density sites, E .s 0.029. Fig. 1). Coverage of 
warm-season grasses was similar among sites. but biomass estimates were 68% greater 
on high-density sites in August 1994 (E = 0.010). Cool-season grasses were 
consistently two to three times more abundant (E S 0.023) on high-density sites as 
measured by percent coverage (Fig. 1) and biomass (Fig. 2) . 
Vegetation litter provides an important source of cover to cotton rats and was 
consistently more abundant on high-density than low-density study sites (Fig. 1). 
Differences were most pronounced for fallen litter (E :::; 0.001), which averaged about 
75% more on high-density than low-density sites. Standing litter also was more 
abundant on high-density sites in November 1993 (E = 0.007) and August 1994 
(E < 0.001) than low-density sites. 
Population Characteristics 
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We observed considerable variation in small mammal community structure 
between the seven study sites (Appendix I). However, no consistent patterns in 
structure of community or small mammal popUlation densities (other than cotton rats) 
were evident when comparing study sites supporting high- versus low-density cotton 
rat populations. Other than cotton rats, the most common small mammals occurring 
on the study sites were white-footed mice (Peromyscus leucopus - most numerous on 
one high-density site) and fulvous harvest mice (Reithrodontomys fuivescens -
abundant on both high-density and three low-density sites). 
Population densities of cotton rats were consistently greater on hlgh-densit) 
census grids compared to the low-density grids, especially during August peaks (over 
I3-fold higher in August 1993 and 8-fold higher in August 1994; Fig. 3). With the 
exception of density, we failed to observe any consistent trends in other intrinsic 
demographic parameters between low-density and high-density cotton rat populations 
(Table 1). In August 1993, the proportion of juveniles was two-fold greater in high-
density populations compared to low-density populations (E = 0.013). In February 
1994, the proportion of juveniles was about two-fold greater in low-density 
populations (E = 0.045), but the proportion of subadults was nearly two-fold greater in 
high-density populations (E = 0.031). Other measures of age structure were similar 
18 
between low-density and high-density populations during other census periods 
(£ 2: 0.082). 
In August 1993, the proportion of reproductively active (pregnant or lactating) 
females in combined live-trapped and snap-trapped census data was about seven times 
greater in high-densIty populations compared to low-density populations c£ = 0.012). 
The proportion of reproductively active (scrotal) males was two times greater in 10\\-
than high-density populations (£ = 0.007). No other significant diff~rences in female 
or male reproductive activity (combined liv~-trapped and snap-trapped animals) \\ ere 
observed between low-density and high-density populations during any census period 
(£ 2: 0.104, Table 1). Howev~r. among animals that were snap-trapped, there was a 
greater proportion of reproductive females from high-density (75.0%, n = 12) than 
low-density (33.3%. n = 12) popUlations in August 1994 (£ = 0.041). This difference 
was likely due to the fact that palpating live-trapped females during pregnancy is only 
useful during late gestation. There was no significant difference (£ = 0.163) in the 
number of embryos per pregnant female (pooled across seasons) between high-density 
(5.27 ± 0.32. n=2T) and low-density (6.19 ± 0.56. n=9) populations. w~ observed a 
two-fold greater (£ = 0.045, Table 1) survival rate in high-density populations 
compared to low-density populations from November to February; survival rates were 
similar for other census periods. Density was unrelated to the sex ratio of populations 
during all seasons (£ 2: 0.308), but we observed a disproportionately high ratio of 
males to females in all populations during February and May 1994 (Table 1). 
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Animal Condition 
No consistent patterns in body mass were evident from seasonal comparisons 
between low-density and high-density populations of cotton rats (Table 2,. Mean body 
mass of juveniles, reproductive females. and reproductive males was similar across all 
seasons of capture. The only differences in body mass that we observed were for 
animals >60 g. Females were about 35~~ heavier (E = 0.00l) on low-density sites 
compared to high-density sites in November 1993 and males were about 20% heavier 
(E = 0.009) on high-density compared to low-density sites in February 1994. It was 
not possible to determine if these differences were the result of age structure or 
nutritional conditions that persisted in the popUlations. 
Similar to body mass. no consistent trends in organ mass were apparent 
between high-density and low-density populations (Table 2). Liver mass was greater 
(E = 0.035) in cotton rats collected from low-density compared to high-density 
populations in August 1993. Significantly greater masses of livers (.£ = 0.024). 
spleens (E = 0.048), and paired adrenal glands (E = 0.019) were observed in cotton 
rats collected from low-density populations in November 1993, a period when body 
mass of females was also greater than on high-density sites. An opposite relationship 
was observed in February 1994 where the greater spleen mass (E = 0.058) in high-
density populations was associated with greater body mass of males. Although paired 
adrenal mass was greater on low-density than high-density sites in November 1993 
(E = 0.019), the opposite was observed in November 1994 (E = 0.005). 
Diet Composition 
Cotton rats from high-density sites consumed greater amounts of monocot 
foliage in November 19Q3. May 1994. and November 1994 (E < 0.(50). hut consumed 
less in August 1994 (E < 0.050) compared to low-density sites (Fig. 4). Monocot 
foliage was most abundant in diets of animals from high- and low-density sites in 
February 1994 ( ;:::44% of the diet). least abundant on high-density sites in ~lay and 
August 1994 (::;18% of the diet), and least abundant on low density sites in Novemher 
1993 and May 1994 (::;3% of the diet). Of the monocot foliage fragments thm were 
identified to genus or species. johnsongrass was most abundant in diets from high-
density sites in May and August 1994. and annual brome was most abundant during 
other months. On low-density sites. Scribner's panicum was most abundant in 
February, tall dropseed and big bluestem were most abundant in August 1994. and 
brome was most abundant in November 1994. 
Cotton rats from high-density sites consumed greater (E < 0.050) amounts of 
dicot foliage in February compared to low-density sites. while consumption of dicots 
did not differ between sites in other seasons (Fig. 4). Dicot foliage was most 
abundant in diets from high-density sites in February and November 1994 (2:52 % of 
the diet) and least abundant in May and August (::;33% of the diet) . Dicot foliage was 
most abundant in diets from low-density sites in November 1994 (52% of the diet) and 
least abundant in February and August 1994 (::;18% of the diet). Dicot foliage 
fragments most abundant in diets of cotton rats from high- and low-density sites were 
from the family Compositae (most fragments were not identifiable past family) in May 
and August 1994, white sage in November 1994. and unidentifiable stems in 
November 1993. February, and November 1994. 
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Cotton rats from high-density sites consumed greater amounts of non-lep,ume 
seeds in August 1994 0: <- 0.050) compared to low-density sites. but consumption diJ 
not differ between sites in other seasons (Fig. 4). Non-legume seeds were most 
abundant in diets of ammals from high-density sites in May and August 1994 (245% 
of the diet) and least abundant in February and November 1994 (::::7% of the diet). 
Non-legume seeds were most abundant in diets of animals from low-density sites in 
November 1993 and May 1994 (246% of the diet) and least abundant in November 
1994 (13% of the diet). Of the seeds identified to genus or species. those from annual 
brome were most abundant in diets of cotton rats from high-density sites in November 
1993. May 1994, and November 1994 (during November germinating seeds were 
consumed). johnsongrass in May and August 1994. smooth sumac in November 1994. 
and spurge (Euphorbia sp.) in May 1994. Non-legume seeds that were most abundant 
in diets of cotton rats from low-density sites were tall drop seed in November 1993 and 
November 1994. Scribner's panicum in May 1994. eastern redcedar in February 1994 
and November 1994. and smooth sumac in February 1994. No single species 
dominated August 1994 diets on low density-sites. which consisted of a mixture of tall 
dropseed. brome. and lamb's quarter (Chenopodium album - found only on one site). 
Cotton rats from high-density sites consumed greater amounts of legume seeds 
in May 1994, but less in November 1994 Ce < 0.050), compared to those from low-
density sites (Fig. 4). Legume seeds occurred in small amounts in diets of cotton rats 
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from high density sites in November 1993. May 1994, and August 1994 (~3% of the 
diet), but did not occur at all in February and November 1994 diets. Legume seeds 
were abundant in diets of cotton rats from low-density sites in November 1993 and 
November 1994 c::: 18 % of the diet), present in small amounts in February (2% of the 
diet), and absent in May and August 1994. The only legume seed fragments identified 
on low-density sites were from sereCla lespedeza, a plant not fow1d on high-density 
sites; no legume seed fragments were identitied to genus or species in diets from high-
density sites. 
Arthropods were present in diets of cotton rats from high- and low-density sites 
in all seasons except November 1993 (all sites) and February (low-density sites) (Fig. 
4). Consumption of arthropods was ::;5% of the diet during all seasonal collectIOns 
and did not differ between sites (E 2: 0.050'1. 
Preference index values for categories of plants (monocots, forbs , legumes, 
woody plants) indicated that cotton rats on high- and low-density sites generall) 
preferred forbs and avoided monocots and woody plants. Legumes were preferred 
when seeds were available (May 1994 on high-density sites, November 1993-4 on 
low-density sites) (Appendix II). Preference for individual plant species in the diets of 
cotton rats changed seasonally on all study sites. On low-density sites, consumption 
of foliage of tall dropseed was similar to availability in spring and summer, but it 
became preferred forage as seeds matured in November. Annual brome was not 
abundant on low-density sites but was usually preferred when it was available (foliage 
in November 1993-4 and February 1994, seeds in May 1994). Scribner's panicum was 
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preferred in February 1994 (foliage) and May 1994 (seeds) but was usually avoided in 
other seasons. Big bluestem foliage was preferred in August on low-density sites but 
was not found in the diet during other seasons. Other plants that were sometimes 
preferred on low-density sites included sumac (seeds) in November 1993 and May 
1994, goldenrod (foliage) in February 1994, lamb's quarter (seeds) in August 1994. 
and white sage (foliage) in November 1994. Serecia lespedeza seeds were highly 
preferred in November 1993-4. 
On high-density sites. seeds and foliage of annual brome and johnsongrass 
were abundant in the diet of cotton rats when they were available l cool-season and 
warm-season, respectively), but neither species was preferred because they were both 
abundant in the habitat. Species that were sometimes preferred on high-density sites 
included spurge (seeds) in May 1994, Croton sp. (seeds) in August 1994, and white 
sage and plantain (Plantago sp.) (foliage) in November 1994. Other species of dicots 
likely were preferred by cotton rats on all sites, but this was not apparent due to the 
large percentage of stem fragments from dicots in the diet that we were not able to 
identify beyond class. 
Diet Qualitv 
Analysis of diet quality in high-density and low-density cotton rat populations 
showed considerable seasonal variation (Table 3, Figs. 5-8). Wet mass of stomach 
digesta from cotton rats was two-fold greater in animals collected from high-density 
populations compared to low-density populations in February 1994 (£ = 0.001), but no 
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differences in dry mass of digesta were found (£ .2: 0.215). This observation was 
reflected in the moisture content of diets which was 21 % greater in February 1994 (£ 
< 0.001) and 5% greater in May 1994 (£ = 0.009) on high-density compared to low-
density sites. Fat content in diets of cotton rats was three-fold greater in low-density 
compared to high-density populations in February 1994 (£ <0.001) but was similar 
during other census periods. Crude protein was 30% and 45% greater in diets of 
animals from high-density populations in May (£ = 0.045) and August 1994 ( £ = 
0.004), respectively, but was 27% less in November 1994 (£ = 0.028) compared to 
low-density populations. Nonprotein nitrogen was over three-fold greater in diets from 
high-density populations in February 1994 (£ = 0.004) and two-fold greater in 
November 1994 (£ = 0.012) compared to diets from low-density popUlations. We also 
observed differences in concentrations of total phenolics in diets of cotton rats. which 
were two-fold greater in low-density populations November 1993 (£ = 0.005) and 
August 1994 (£ <: 0.001) compared to those from high-density populations (Fig. 5). 
There were no significant differences in concentration of total phenolics between high-
and low-density populations during other census periods (£ .2: 0.165). Concentrations 
of non-essential amino acids were greater in diets of animals from low-density 
compared to high-density populations in February and November 1994, but 
concentrations in May and August 1994 were greatest in diets of animals from high-
density sites (Table 3). 
During the non-breeding seasons, concentrations of total essential amino acids 
in diets of cotton rats from low-density populations were 40% greater in February 
1994 (£ = 0.015) and 34% greater in November 1994 (£ = 0.019) compared to those 
from high-density sites. The opposite was observed during the breeding seasons where 
concentrations of total essential amino acids in diets were 38% greater in \1a:, lllC)4 
(£ = 0.019) and 49% greater in August 1994 (£ = 0.006) in high-density populations 
compared to low-density popUlations; no differences were observed in November 1993 
(£ = 0.496). In February 1994. concentrations of all essential amino acids but 
threonine. and in November 1994 all but valine. lysine and methionine ..j.. cystine were 
greater (£ < 0.050) in diets from low-densIty populations compared to high-density 
populations; the same was true of lysine in November 1993 (Figs. 6-8). In May 1994. 
concentrations of all essential amino acids except lysine and histidine and in August 
1994 all except lysine, histidine, and arginine were greater (£ < 0.050) in diets of 
animals from high-density populations compared to those from low-density populations 
(Figs. 6-8). 
Multivariate statistical analysis demonstrated that overall essential amino acid 
composition of diets was rather unique in low-density and high-density study sites 
during most seasons. Arginine, methionine + cystine. or leucine were selected at 
least once by stepwise discriminant analysis during each season as important 
discriminators of population density . Using these three variables. discriminant 
function analysis classified diets into their appropriate low-density or high-density 
categories with an overall accuracy rate of 79% in November 1993, 92% in August 
1994, and 100% in February, May. and November 1994. Canonical discriminant 
analysis provided significant Mahalanobis distances between centroids of diets in 
26 
February 1994 (E < 0.001 ), August 1994 (E = 0.012), and November 1994 (E < 0.001 ) 
(Fig. 9). The canonical variate for each season (Table 4) was a linear combination of 
all nine essential amino acids. 
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DISCUSSION 
Although other environmental factors may be involved in driving rhythmic 
fluctuations or cycles in herbivore populations, the abundance of quality fOl)d 
resources often dictates potential peak densities . Perhaps the most important factor in 
determining food quality for herbivores is the availability of nitrogen-containing 
nutrients (protein - White 1993). Previous studies of cotton rat populations have 
shown increases In density (Doonan and Slade 1995) and habitat affinity (Eshelman 
and Cameron 1996) in response to habitats supplemented with foods rich it: protein. 
Prairie voles (Microtus ochrogaster), which are considered to be an ecological 
equivalent to cotton rats in the northern prairies of North America, have also 
responded to greater protein availability with increases in population density (Cole and 
Batzli 1978, 1979; Desy and Batzli 1989). 
Seasonal changes and interpopulational differences in the botanical composition 
of diets consumed by cotton rats in this study clearly demonstrate the generalist 
foraging strategies utilized by this grassland herbivore tRandolf et al. 1991). These 
observations also demonstrate that cotton rats, like other small herbivores (Belovsky 
1986), exercise considerable selectivity in making dietary choices. When availability 
in the habitat is considered, they portray a reliance on typically high-protein dicots 
(Mattson 1980) compared to monocots. As noted in several studies by Cameron and 
his associates (Kincaid and Cameron 1985, Randolf et al. 199 L Cameron and 
Eshelman 1996), cotton rats appear to rely heavily on dicots in their diet to obtain 
sufficient protein for life processes. We observed that seeds (especially legume seeds) 
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are an important item in their diet. and that dietary protein was >30%> dry mass when 
legume seeds were consumed. It is also noteworthy that this herbivore consistently 
consumed a variety of arthropods (ca. 5%), which may be an extremely valuable 
source of essential amino acids (Peoples et al. 1994). The significance of this is 
readily apparent in the work of Campbell and MacArthur (1996), which showed that 
the herbivorous muskrat (Ondatra zibethicus) can meet its maintenance requirement for 
nitrogen by consuming diets containing as little as 3% animal tissue. Animal tissue is 
also a notable component of vole and lemming diets (Batzli 1985 l. 
It is estimated that minimum protein levels in the diet necessary for 
reproduction in cotton rats is 11 % (dry mass basis) when consuming natural forages 
(Randolph et al. 1995, Hellgren and Lochmiller in ~); requirements for growth are 
unknown. Based on this estimate, cotton rats in our study from both high- and low-
density populations appeared to consume sufficient dietary protein to support 
reproduction throughout the year. However, the 11 % estimate assumes that animals 
are consuming a protein source that contains a proper balance of the required essential 
amino acids. Proteins in natural forages are known to be highly variable and 
frequently deficient in selected essential amino acids, especially the sulfur-containing 
nutrients methionine + cystine, relative to an animal's requirements for maximum 
groVvth and reproduction (Thomas and Prevett 1980. Sedinger 1984, Peoples et al. 
1994). This also may be true of forages consumed by cotton rats in central Oklahoma. 
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Based on our earlier observations with cottontail rabbits (Lochmiller et al. 
1995), we hypothesized that density of cotton rat populations is limited by the 
availability of essential amino acids, particularly the sulfur-containing amino acids 
methionine+cystine. It was our contention that an observation of greater levels of 
essential amino acids in the diets of cotton rats from high-density populations 
compared to those from low-density populations would be supportive of nur miginal 
hypothesis. Cotton rats in central Oklahoma reproduce primarily between late spring 
and early fall and rarely breed at other times of year (Fig. 10). During the periods of 
intensive breeding activity in our study (May and August census periods). dietary 
concentrations of seven essential amino acids (including methionine + cystine) were 
greater by as much as 40% in high-density populations compared to low-density 
populations. Although this observation supports our initial hypothesis. it does not 
confirm that the levels of essential amino acids in diets of cotton rats from low-density 
populations were helow the levels required to support optimum reproduction. 
Although caution must be exercised in doing so, one way to examine this question is 
to compare the essential amino acid requirements of laboratory animals with observed 
levels in the diets of cotton rats. A comparison of requirements for reproduction in 
laboratory rats (National Research Council 1995) to the dietary concentrations of 
essential amino acids of cotton rats in this study suggests that during the breeding 
season, methionine + cystine may have heen limiting in low-density populations (Fig. 
6), while other essential amino acids probably were not limiting (Figs. 6-8). Sulfur-
containing amino acids have been found to be the most limiting essential amino acids 
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in diets of eastern cottontails (Lochmiller et al. 1995) and a variety of avian species 
(Murphy 1994). 
There appeared to be a paradox between apparent limitations in essential amino 
acids during the breeding season and the lack of observed changes in population 
attributes. Protein restrictions (4% crude protein diet) imposed on female cotton rats 
in the laboratory have been shown to influence age at first estrus and pregnancy rate 
(Cameron and McClure 1988, Cameron and Eshelman 1996). Phenotypic plasticity in 
litter size of cotton rats across its range has been well documented (Cameron and 
McClure 1988). Reproductive performance also has been shown to vary with primary 
productivity of habitats (Doonan and Slade 1995, Slade et al. 1996), However. 
the demographic and physical condition parameters that we measured give us no 
convincing or consistent evidence that cotton rats from low-density sites experienced 
declines in fecundity or experienced remarkable nutritional stress by consuming a 
lower quality diet during the hreeding season. 
Data from August 1993 suggested that more females were reproductively active 
in high-density populations (also reflected in the greater proportion of juveniles in the 
population), but this pattern was not observed at any other time. Differences in hody 
mass of females in November 1993 could be simply a reflection of differences in 
reproductive activity over the previous months: females on low-density sites bred less 
and conserved body reserves. However. another possible explanation is that an older 
age structure existed on low-density sites in November 1993 as a result of 
reproductive patterns the previous August (Cameron and Eshelman 1996). Of the 
various internal organs measured to assess condition, liver mass was the most 
interesting. The greater mass of livers that we observed from August 1993 h) 
February 1994 on low-density sites may have been related to phenolic le\'els in their 
diet (lung and Batzli 1981, Bergeron and Jodoin 1989). Although Cameron and 
Eshelman (1996) have shown that dietary protein restriction of cotton rats can induce 
liver enlargement, we observed no differences in crude protein levels between low-
density and high-density sites during this time period. 
One possible explanation for the ahove paradox is that sulfur-containing amino 
acids in the diet may have been just above some threshold level helow \\hlch declines 
in fecundity would occur in the low-density populations. In such a scenano. 
population densities may be maintained at low levels through the triggering of 
dispersal before sulfur-containing amino acids become severely limiting. similar to the 
pre-saturation dispersal hypothesis described by Lidicker (1975). A heterogenous 
habitat (a mixture of suitable and unsuitable habitat patches) plays an important role in 
maintaining low population densities by giving individual animals a place to disperse 
to (the unsuitable habitats) (Stenseth 1977). When dispersal is prevented using 
enclosures (Krebs et al. 1969. Boonstra and Krebs 1977) or in large uniform areas of 
good habitat (Klein 1970, Watson and Moss 1970). animal populations have been 
found to increase to the point where high-quality food resources are over-utilized and 
eventually exhausted. 
Spacing behavior is an important mechanism of resource partitioning in cotton 
rats (Spencer and Cameron 1983. Cameron and Spencer 1985. ) as it is in other small 
mammals (Lidicker 1962, Ostfeld 1985). Spencer and Cameron (1983) found th~t 
dominant cotton rats are able to occupy preferred habitat patches and suborciinates are 
forced to use less preferred habitats. Our 10\\ -density study sites were a mixture of 
suitable (tallgrass prairie) and unsuitable (oak forest) habitat patches: individuals 
dispersing into unsuitable habitats (poor cover and forage quality) would experience 
higher mortality risks. Such partitioning of resources would have three mam 
consequences: populations would likely be more stable in habItats relative to the 
natural seasonal and climatic induced fluctuations in resource availability: individuals 
would be able to maintam fitness even if resource supplies diminished somewhat: and 
resources in the habitat would be more difficult to over-exploit. 
Although we observeci a relationship between density and protein quality of the 
diet, other relationships also existed with respect to phenolics and cover in the habitat. 
Cotton rats prefer habitats with dense overhead cover (Goertz 1964): numerous studies 
have found that availability of suitable cover influences population dynamics of cotton 
rats (Goertz 1964, Fleharty and Mares 1973. Kincaid et a!. 1983). \Ve ohsern:d 
considerably more fallen litter on high-density sites than on low-density sites during 
all seasons. Standing litter and biomass of monocots were also higher on our high-
density sites in August during peak population densities. Eshelman and Cameron 
(1996) investigated the interaction between the effects of cover and protein availability 
on habitat use by cotton rats and found that both factors were important. 
Another potential limiting factor to cotton rat populations is the presence of 
phenolic compounds in their forage. Phenolics act either as toxins or as digestive 
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inhibitors and thus decrease the quality of forage consumed by herbivores (Lindroth 
and Batzli 1984b). Phenolics intluence forage selection (Jung and Batzli 198 L 
Bucyanayandi and Bergeron 19901 and have the potential to negative!: influenc: 
growth and survival in voles tJung and Batzli 1981, Lindroth and Batzli 1984b): they 
likely have the same effect on cotton rats. In our study, concentrations of total 
phenolics in the diet of cotton rats from iow-density sites were over t\vo-fold greater 
during the breeding season compared to high-density sites. 
The results of this study support our hypothesis that the amount of high quality 
food (specifically, availability of essential amino acids) in the habitat is an important 
determinant of density in herbivore populations. The timing of nutrient limitations 
relative to life history events is also important. Our data suggest that although nutrient 
levels in diets were high throughout much of fall and winter. levels during peek 
breeding (spring and early fall) dictated ultimate densities that could be supported. It 
appears that the sulfur-containing amino acids (methionine + cystine) are frequently 
the most limiting amino acids in the diets of cotton rats in central Oklahoma. 
The logical next step is to examine the relative impact of sulfur-containing 
amino acids and habitat cover to determining popUlation densities of cotton rats. A 
test of this hypothesis could best be accomplished through the use of enclosures where 
supplemental methionine (breeding season supplements) and various levels of cover 
could be provided in a factorial design. Such a desIgn could permit the exploration of 
interactions between these two resource factors across seasons. Because the use of 
enclosures would limit dispersaL we predict that nutrient-supplemented popUlations 
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would achieve greater densities as a result of improved rates of recruitment compared 
to unsupplemented populations. 
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Table 1. Seasonal changes in selected demographic attrIbutes of low - and high - density cotton rat populations in centrBl Oklahoma from 
August 1993 to November 1994. The number in parentheses indicat e s sample size; the number in br3cke ts below each set of numbers is the 
E value associated with comparisons betwee n low - density and high-density populations. 
-~ . . -
Demographic Density August Novemher 
parameter (L low 
H = high) 
Juveniles (% ) L 16.9 (65 ) 33.3 (45) 
H ") 3 .3 (177 ) 37 . 3 (83) 
[0 0131 [0.651J 
Subadults (% ) L 47.7 (65) 33 . 3 (45 ) 
H 38 .5 (177) 4l.0 (83 ) 
[0 .133J [0.7 3 4 J 
A,illl t s (t) L 35.4 ( 6 5) 33.3 (45) 
H 28.2 ( 177) 2 1.7 (83) 
[0.284 J [0.230 J 
F" maJes in L 3.8 (26 ) 1i.7 (15 ) 
reproductive 1 H 27.8 (54 ) U (20) 
condition (%) [0.012] [0.4 29 J 
MaJes in L 77.8 '27 ) 6.7 (15) 
repr oductive -. H 16.9 (64 ) 0 (32 ) 
condition (%) L [0. 007J [0.319J 
SIJr':iv~1 rate (%) L 20 . 0 (SO) ;. n . 0 13 5) 
H 20.7 ( 135) 1 0 . 0 (6 0) 
[0.9 12 J [ 0 .04 5 J 
Sex rat io (\ temale) L 51.5 (66 ) 48.9 ( 43) 
H 48.6 (179 ) 4 7.6 ( 84 ) 
[0.686] [0.89l] 
February MdY 
46.4 (28 ) 1l.8 (34 ) 
21. 5 (53) 2.8 (72 ) 
[0. 04SJ [0. 082J 
,9.3 (29 ) 14.7 (31) 
fi7.9 (53 ) 12.5 (72) 
[0. 013J [0.9 75 J 
14.3 (~ 8 ) 73 . 5 (34 ) 
'1 . 5 (S 3) 84.7 (7 :l) 
[0.334 J [0,277J 
a (7 ) 33.3 (9 ) 
0 (14) 55.6 (27 ) 
[0.143 J 
a (9 ) 85 .7 ( d) 
0 (25 ) 97.6 (42) 
[0.10·1 J 
30.0 (10) 14 . 3 (2 l) 
13 . 8 (3 2 ) 2 1. ·1 (42 ) 
[0 49 0 J [0. 735 J 
39.3 ( 28 ) 32.4 (34) 
38.0 (50 ) 39 . 4 (71 ) 
[0.9111 [0.472] 
Auqust 
2 2 .5 (89 ) 
27 .6 (1l6) 
[0.404J 
30.3 (89 ) 
25 (1 (116 ) 
[0.4 91 1 
47 2 (89 ) 
47 . 4 (116) 
[O.917J 
32.1 (28) 
37.8 (3 'I) 
[0. r, 3 4 J 
8\ . 7 (43) 
7B.3 (46 ) 
[0 . SlJ 1 
21.8 (55 ) 
12.8 (86 ) 
[0.1 5 7J 
40. 2 ( 8 7 ) 
47 . 4 (10 6) 






37. 1 ( 70) 









5 2.9 (68) 
[ 0 . 916 J 
~nl y females >60 g. 
30nly males >60 g . 




Table 2. Seasonal changes in body and organ masses ,mean ± SE) f~om low · and hjgh~density cotton rat populat ions in central Oklahoma 
from August 1993 to November 1994 . The number in brackets bel ow each set of numbers is the E~value associated with comparisons between 
low~density and high~density populations. 
Condition 
parameter 
















Testes (g ) 
Density 
(L low 




















34 2 :! 7. 3 
36.2±06 
[0 6,)0) 
106 9 ± 5.9 
10l.6 ± 0.6 
[0.676 ) 
116 a t ·:'-4 
1.04.51:2.0 
[0.117 ) 
12 5 .5 ± 7.9 
118.8 ± 10.2 
[0 . 413J 
3.60 ± 0.42 
3 n ± 0.12 
[n . (135 J 
160.2 ± 2 3 .8 
188.7 ± 3."l 
I r; . 713) 
29.7 ± :.8 
:>0.5 ± 1 4 
[fJ 2 75 ) 
.0'1 ± 0 .17 . 7, ± n. C' 5 
<).113] 
November 
45.3 ± 0.4 
45.9 ± 1.S 
[0.8 7 0] 
lllB±4.2 
82.1 ± 1.9 
[0. OU J] 
32.0+4 9 
101.6 ± 3 . 8 
[0.153) 
3 . 48 ± 0.13 
3 . 21 ± 0.16 
[ 0 . 024 ) 
1 5 6.0 ± 2 7 . 5 
127 . 3 ± 20.3 
[0 . 0 4 8 ) 
3 4.0 ± 4.6 
22 . 3 ± 0.1 
[0 . 0 I. 9) 
0 .14 :+- 0 .0 4 
0.10 ± 0 . 01 
[0. 722 ] 
February 
48.7 ± 2.6 
5l.3 ± l.5 
[0.367] 
91.4 ± 6.6 
77.6 ± 2.3 
[f).084] 
74.3 + 1.1 
89.4 ± J 8 
[0.007J 
3.00 ± 0.05 
2.19 ± 0.21 
In 092J 
72.4 ± 10.3 
37 . 0 ± <; . 5 
[0.058J 
22.5 ± L . B 
.2i.1±0.1 
[u. 679 J 
0.28> 0.02 
0.18 ± O .fJ S 
[0. 13 0 ) 
May Auqusr 
29.7 ± 1 . 1 
36.8,1- 10.3 
[0.149J 
115.8 ± 11.7 108.4 ± 5.3 
120.2 ± 2.0 113.8 +: 4.4 
[0.313] [0.52SJ 
126.0 ± 4.4 120.7 :± 8.9 
123 . 9 ± 3.1 121.1±6.4 
[0 . 476J [0 . 688J 
163 . 5 + 3 6. 1 127.4 ± 8 . J 
132.7 ± 9.7 132.7 :! 5 . 6 
[0.206] [0 763 J 
125.5 + 5.1 HH.9± 5 0 
124.5 + 3 6 111.7 :. a 9 
[0.560J [0. ):'2 J 
5. 55 ± 0.34 4 . 12 ± U.21 
5 . 72 ± 0.06 4.15 ± 0.2' 
[0.54 6 J [0.602 J 
2% . 6 + 12 u 182.9 ±. L4 0 
286 2 ± 36 . 9 236.1 ± .3 
[0 83SJ [ 0 .085J 
49.6 ± 6.4 32 . 3 ±. 3 . 1 
52 . 0 t 0 . 7 3 8 .2 ±1.7 
[ 0 . 6 4 6 J [0.119 J 
2.45 ± 0 . 0 5 2.24 i 0 . 18 
2. 30 ± 0 .1 2 1. 8 8 ± O.I S 
[0 .1 02 J [0. 095 1 
November 
48.9 ± 2.4 
48 4+ 7.0 
[0. 734] 
1 04.0 .± 6.6 
951±. O.8 
[0.268J 
99 . 1 t 9.3 
99.7±L1S 
[0 936J 
3.49±fJ . IG 
3.77 ± (j 09 
[0.1 6 6) 
124.4 .± 8 
lC;~.4 ± 9 6 
r f). 2 49J 
24.8 ± 2.0 
30 8 ± Q 1 
[ 0 . 0 05 J 
0 . 09 + 0 . 02 
0 . 1 5 + 0 . 0 1 
[ (J . 09 1 ) 
flO> 
ifl 
Table 3. Seasonal changes in measures of diet quality (mean ± SE) from l ow - and high-denstty cotton rat 
populations in central Oklahoma frum Nove mber 1993 ~a November 1994. The number in brackets below eac h 




Wet mass (g) 




(% dry mass) 
Crude protein 
(t dry mdss) 
Density 
(L low 












2.79 + 0 &9 
3.08 + O.b(, 
[0.514 ) 
0.89 ± 0 n 
0."17 + 0.1"1 
[0.971 ) 
i3.0±18 
74.4 + 0.1 
[0.568) 
5.7 ± 1.5 
S.5 ± 2.1 
[ 0.678) 
2l.3 ± 6.5 
19.5 ± 3.3 
[0.636 ) 
February 
.41 + 0.81 
7.03 ± O.l') 
[Q . OOl) 
0 . 83 ± 0.23 
l.1.7 i 0.38 
[0.537] 
74.6 ± 1.3 
90.5 .i l.4 
[ < 0.0 01 ] 
6.7 ± 3.4 
2.1 ± 0.6 
[< 0 .00 1] 
17.6 ± 1.1 
16.2 ± 0.2 
ro .4 02 ) 
May 
3.21 ± 1.01 
.81 ± 0.34 
[0. 1 22] 
0.80 ± 0 34 
078 ± 0.07 
[0.803] 
77.0 ± 0.5 
81.4 ± 2.S 
[0. OO~] 
5.3 ± 1.4 
8.2 ± 2.1 
[0 .7 03 ] 
IB.5 ± 2.8 
24.1 ± 0.8 
r n. 045] 
August 
2.43 ± 0 24 
.2.55 ± 0.17 
[0.680] 
o 60 :i". 0.0 2 
0.75 ± 0.10 
[0 ,)69] 
76 . 0 ± 2 6 
72 7 ± 0.7 
[0.302] 
10.4 ± 2.1 
16 . 3 ± 2.4 
[0.64 'l) 
18.7 ± 1.5 
27.2 ± 1.2 
[0.004 ) 
Novembel 
3.94 ± 1.30 
2.67 ± 0.61 
[0.231] 
lJ . 92 ± 0 20 
0.75 + 0.27 
[0.215] 
77.3 ± 28 
78.S + 0.8 
[0.016 ) 
10.1 ± 1 .7 
B.5 ± 1.9 
[0.J4U] 
20 1 + 2.3 
15.8 + 0.7 
rO . O:CR] 
~ 
m 





H = high) 
November 
Non -essential amino acids (~ dry mass) 
Aspartic acid L 2.27 ± C.61 
H 2.19 ± 0.25 
[0 770] 
Glutamic acid L 3.43 ± 1.02 
H 3.17 ± 0 . 4A 
[0.5381 
Serine 1, 0.93 ± 0.36 
H 0.7'1 ± 0.13 
[0. q4 0] 
Glycine L 1.15 t 0.25 
H 0.90 ± 0.18 
[0.05-1] 
Alanine L l.05 ± 0.27 
H 1.09 ± 0 . 21 
[0 .82 5] 
Proline L .40 .!" 0.18 
H 1. 23 t 0.08 
[0 . 1 S9] 
To t al essential L 9.77 +. 3 . 51 
amino acids H 8 51 t 1.82 
(~ dry milssl [04')6] 
N0nprotein L 5.5 0.8 
nitrogen H 11 . ') 1..3 
(~ of total [0 11] 
N poo l ) 
Feh ru3ry Ma y 
2. (1 4 :t 0.14 1.90 i ' 0 28 
2.08 ± 0.05 2.61 i 0.03 
[0.9671 [0 066] 
2.35 ± 0.25 2.61 ± 0.5U 
1.64 i 005 3 .6 S ± 0.12 
[0. U16] [0. 0081 
0.72 i . 0.04 U.92 ± 0.09 
0.55 j- 0.00 1.17 ± 0.06 
[0.026] [0.098] 
0 .87 ± 0.05 1.03 ± 0.16 
0.73 ± 0.03 .42 ± 0.05 
[0.140] [0.037J 
0.97 ± O.ll 1.09 ± 0.25 
0.77 ± 0.01 l.45 ± 0.19 
[0.068] [0.027] 
0 . 96 ± 0.06 1.29+ 0 . 32 
o 76 + 0,02 1.41 ± 0.05 
[0 024 ] r n. 4 08 ] 
8 . 04 ± 0. 4 0 8.84 +: 1 24 
5 . 7 2 ± 0 .0') 12.25 t 0 48 
[ 0.015] [U 019 ] 
7,6 t 1.10 S 2 + 0,7 
26.0 ± 0 ,3 2.] t 0.2 
[0 . 004 ] [0.19 5 ] 
August 
l.89 ± 0.21 
2 53 ± 0.04 
[0.025] 
2.43 ± 0.18 
1 . 77 ± 0.:::0 
[< 0.001] 
0.86 ± 0.08 
1.28 ± 0.05 
[0.011] 
1.01 + [J.07 
1.49 ± 0.03 
[n.154] 
L . 15 ± 0.16 
l.78 ± 0.23 
[< 0 . 001] 
1.11 ± 0.12 
1.78 .t 0.17 
[ < O.OOlJ 
8 , 86 ± 0 , 90 
13.24 ± 0 . 68 
[0 .006] 
6 7 ± l.3 
3.9 :t 0.1 
[0 168] 
November 
2.25 j- 0 20 
1.79.! 0. 11 
[8 . OS7] 
08 ± 0.41 
2.11 ± 0.08 
[0. 020] 
0 . 87 ± 0 12 
0.65 ± 0.0 .1 
[0. 0 2 7] 
l. 11 ± 0.16 
0.82 ± 0.07 
[0. 003] 
1.05 ± 0 . 17 
0.92 ± 0 . 03 
[0.214] 
l.2?, ± 0.12 
0.92 ± 0.07 
[0. 021] 
9,37 ± 1.37 
7.00 ± 0 , 5'i 
[0 .019 ) 
5 . 9 t 2,7 
1l.1±1. c, 
[ 0. 012] 
.t> 
-.J 
Table 4. Coefficients used to calculate canoni ~a l variate scores f o r cotton rat digesta composites 
collected seasonally from l ow- and high-density populations. 
Canonical variate 
variable Novembe r February May Augus t Nov embe r 
Lysine . 0.2"l~ 0.030 0.154 - 0.120 -0. 2 16 
Phenylalanine + tyrosine -0.229 0.701 -0 153 0.075 -0. 2 41 
Methionine ; cystine 0.600 -0.2Sc' o. ~72 0.057 -0 200 
Valine -0.574 0.750 -u.26/i 0.50;2 - 0.177 
IsoLeucine \) ..195 - 0 '006 -0 184 · 0.175 () 628 
Leucine -0 . 08A -1. DUO 0.716 0.091 0 071 
Histijine -0. D2 - 0 . 194 - 0.192 0.080 -0.14'1 
Arginine -0.11-1 1.41 2 0.'30 0.01 0 0.674 





Figure 1. Mean percent cover of categories of vegetation measured seasonally in 
habitats supporting low (white) and high (black) population densities of cotton rats. 
Within each season, statistically significant differences between low- and high-density 
sites are indicated by '+' = E < 0.10, '*' = E < 0.05 , '** ' = E < 0.01 
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Figure 2. Mean biomass of monocots and non-woody dicots in habitats supporting 
low (white) and high (black) population densities of cotton rats. Within each season. 
differences between low- and high-density sites are indicated by '+ ' = r. < 0. 10. 
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Figure 3. Seasonal fluctuations in density (± SE) of two high-density (_ ). and five 
low-density (0) cotton rat populations in central Oklahoma (a). and changes in mean 


































































Figure 4. General composition of the diets of cotton rats collected seasonally from 
high density and low density populations in central Oklahoma. M = monocot 
vegetation. D = dicot vegetation. S = all seeds except legumes. L = legume seeds. 
S5 
A = arthropods, 0 = other (includes fungi and unidentified fragments) . Within each 
season, differences (£ < 0.05 ) between high- and low-density populations are indicated 
by '*' above the value which is significantly greater. 
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Figure 5. Mean C:!: SE) concentrations of total phenolics (measured in gallic acid 
equivalents per gram) in diets of cotton rats collecteci seasonall~- from high density (.) 
and low density (0) populations in central Oklahoma. Within each season. differencl?s 
(£ < 0.01) between low and high density populations are indIcated by ,**._ 
58 
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Figure 6. Mean (:!: SE) concentrations of lysine. phenylalanme + tyrosine. and 
methionine + cystine in diets of cotton rats collected seasonally from high-densir~ (.) 
and low-density (0) populations in central Oklahoma. Within each season. ditferences 
between high- and low-density populatIOns are indicated by '+' = E < 0.10. 
'*' = E < 0.05. '**' = E < 0.01. The dotted line represents the level of nutrient 
concentration that meets the requirement for growth and reproduction in the laboratory 
rat (Natural Research Council 1995). 
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Figure 7. Mean (± SE) concentrations of valine, isoleucine. and leucine in diets of 
cotton rats collected seasonally from high-density (_ ) and low-density (0) populations 
in central Oklahoma. Within each season. differences between high- and low-density 
populations are indicated by '+' =.£ < 0.10, '*' = .£ < 0.05. '** ' =.£ < 0.01. The 
dotted line represents the level of nutrient concentration that meets the requirement for 
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Figure 8. Mean (± SE) concentrations of histidine. arginine. and threonine in diets of 
cotton rats collected seasonally from high-density (_) and low-density (0 ) populations 
in central Oklahoma. Within each season, differences between high- and low-density 
populations are indicated by '+' = £. < 0.10, '*' = £. < 0.05. '** ' = £. < 0.01. The 
dotted line represents the level of nutrient concentration that meets the requirement for 
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Figure 9. Plot of canonical scores of amino acid composition in digesta composites 
from cotton rats collected seasonally from high-density (open triangle) and low-density 
(open circle) populations. The canonical variate is a linear combination of nine 
essential amino acids. .r. indicates statistical significance of Mahalanobis distances 
between centroids of digesta composites in high- versus low-density populations . 
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Figure 10. Annual cycle of reproductive activity for adult (> 60 g) female cotton rats. 
Females were considered reproductively active if pregnant or lactating. Animals \\ere 
included from the present study. McMurry (1993), !\1cMurr) et al. ~ 1 494l. and 
Lochmiller unpublished data. Numbers of females included during each month are 
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APPENDIX I 
Seasonal fluctuations in small mammal populations (r.i~~mum number known alive ) on 
live-trapping gr~ds suppcrting low-density Igrids 1-5 : and high-denE::y (grids 6 and 



























































































































































































































































































-Dther small mammals captured during some seasons were Ml.l.5. musc~lus (grids 1 and 7; 2 
captures tctal), Neotoma fl?r~dana (grids 3 and 5; 8 captur~s total ) , alaL~ hylophaga 
(grids 4, 6 and 7; 8 captures total ) , and Crwtotis ~ (grid 7; =: captures total ) 




Pe rce nt relati ve cover II SE) . p e r cent I i SE) o f die t and pre f erence lndex Ii SE) for c atego l ies. a nd 
ge nera and spe c i es of plants i dentified i n t he d i e t s o f co tton rats co llec ted seasonal ly fr om l ow- a n d 
hig ll-den s it y populatio ns. PI values f o r ge nera a n d s pecies we re only c a lcu l ated for sites whe r e the; 
were f oun d in the habitat. 




Shr ub s and t ree s 
Sp orobolu s ~l 
Fe b ruary 1 9 94 
Monocot s 
Forbs 
Le gume s 
Shrubs and trees 
Achillea mi ll e f o lium 
~spp . 
~ s pp. 
Gerani u m s p. 
~sp . 
J uniperus vi rginiana 
~spedeza c un ea t a 
Pa n i c um oligosant~:> 
E..h!i1> ~ 
~ggQ sp . 
Sorghum ha l ape n se 
Spor o bolu s ~ 
% Cove l-
4 5.6 ± 1 5.1 
19 .6 ± 4 . 1 
3 . 6 ± 1. 5 
33.9 I 1 2. 4 
2.1 ± 0.2 
3 . 2 ± 1. 6 
1 1.0 ± 3 .7 
3 9. 1 ± 2 . 4 
1. 8 ± 0.3 
2 1.1 ± 7 . 8 
2.3 ± 0 . 4 
12.5 .± 2.6 
39.3±2.7 
16.0 ± 1 .2 
o ± 0 
44 .7 ± 2.9 
3. 5 ± 2.6 
12. 4 ± 9.0 
6 .1 ± 1. 9 
2.5 ± 1. 8 
4.4 ± 4 .3 
42 . 7 ± 6.0 
o ± 0 
13.7 ± 3 . 8 
2. 9 ± 1.5 
2.5 ± 1.8 
12.5 ± 2.6 
Lo w- de nsity 
% Di et 
4 2 .8 ± 11. 3 
3 1. 7 ± 16. 7 
21.9 ± 21.9 
3 . 6 ± 2.5 
0. 4 .± 0.4 
o ± 0 
0 . 4 ± 0. 4 
1. 2 ± 1. 2 
2 1.9 ± 21.9 
0.6 ± 0 .6 
4 . 3 .± 4. 3 
41.9 ± 11 . 6 
51.3 ± 4 . 9 
26.7 ± 4 .6 
1. 8 I 1. 8 
20 . 2 ± 11 . 0 
2.8 ± 2 .8 
17 . 5 ± 12.7 
2. 1 ± 0 . 6 
o ± 0 
0. 4 ± 0. 4 
1 8 .9 ± 18 . 9 
5 .4 
37 .0 .± 7 . 7 
11.5 ± 11.5 
7 . 0 ± 7 .0 
4 1 .9 .± 11. 6 
P .I. 
0.98 .± 0 . 1 2 
1. 48±0 . 59 
14 . 62 ± 14 .62 
0 . 31 ± 0.28 
0.18 .± 0.18 
o ± 0 
0 . 0 3 ± 0.03 
0 . 04 ± 0.0 4 
1 5 . 67.± 1 5.67 
0.04 ± 0.04 
1.5 8 ± 1. 58 
3.26 ± 0.2 4 
1.33 ± 0.23 
1.48 ± 0.59 
0 . 47 .± 0.24 
0 . 4 6 ± 0.46 
1. 93 ± 0.5 5 
0.44 ± 0 . 18 
o ± 0 
3.65 ± 3 . 65 
0.52 ± 0 . 52 
2. 36 ± 1. 1 0 
2.65 ± 2.65 
1. 63 ± 1. 63 
3 . 2 6 ± 0.2 4 
% Cove r 
55.1 ± 7.9 
8.8 ± 0 . 5 
4 .5±1.7 
36. 1 ± 8.3 
0 . 8 ± 0.2 
3.7 ± 2.5 
46 .3 ± 3 . 7 
1 1 
4 5. 2 ± 2. 5 





72. 6 4. 7 
1 . 5 1 . 4 
.1 0.1 
0 . 1 i 0 
13 . 3 ± 7 . 7 
o 
Hi gh- d e nsi t y 
% Di e t 
51.0 ± 1.4 
4 5.3 ± 2.4 
. 8 ± 3.8 
o ± 0 
0.2 1. 0. 2 
0.9 ± 0.9 
39 . 9 ± 1 . 5 
o 
0.5 ± 0.5 
4 5.3 1 2.8 
52.2 12.3 
2 .4 0.7 
0.1 0. 1 
0. 8 0. 4 
41.1 15.1 
0 . 7 0.7 
0. 4 0.1 
0.4 ± 0.2 
0 .1 ± 0 .1 
1. 4 
P .I 
0.95 ± 0. 16 
5.1 7 ± 0 . 54 
0 .61 ± 0 . 6 1 
o j: 0 
0.2 1 j: 0 . 21 
0.14 j: 0.14 
0.8 7 ± 0 . 1 0 
o 
0.0 1 j: 0.01 
0.56 j: 0. 10 
7 . 41 ± 1.29 
0.02 ± 0.02 
6.41 ± 5.80 
0.56 ± 0.18 
7. 1 5 ± 7.15 
0.32 ± 0.01 
4.35 ± 1.45 







Sh rubs and trees 











Shrubs and trees 
% Covet· 
60.4 + 1 5. 4 
9 .2 ± 0. 4 
4. 6 ± 3 . 3 
24.1 ± 1 0.7 
1. ± 0.8 
3.3 ± 2 .0 
o. 
0.1 
2.6 ± 1. 1 
59.3 ± 8. 7 
15.6 ± 1. 7 
3.5 ± 1.1 
21.7± 1 0 .4 
11.7 ± 4. 7 
0.7 ± 0.5 
o ± 0 
0 .6 
0.2 ± 0.1 
0 . 1 
2.3 ± 0. 4 
6 .1 ± 1.9 
12.5 ± 2.6 
APPENDIX II (cont.) 
Low-density HiglJ den si t y 
'Ii Di et 
27.2 + 15. 1 
67 . 8 ± 16.2 
0.2 ± 0. 2 
o ± 0 
o ± 0 
7. 4 ± 6.8 
3.9 
1.2 
17.3 ± 10.8 
40 . 9 ± 13 . 7 
52 . 7 ± 15.8 
0. 1 ± 0.1 
0.3 ± 0.3 
P. I . 
0.55 ± 0. 23 
6 . 4 9 ± 2.23 
0.0 3 ± 0.03 
o ± 0 
o ± 0 
1. 59 ± 1.11 
38.60 
1 2. 1 0 
10.22 ± 8.49 
0.61 ± 0.20 
3.86 ± 1.67 
o 05 ± 0.05 
0.02 ± 0 . 02 
24.1 ± 9.59 1.70 ± 0.59 
o ± 0 0 ± 0 
0.8 ± 0 . 7 
23 . 8 39.68 
o ± 0 
0.4 3.60 
4 .3 ± 4 . 3 1.58 ± 1.58 
1. 1 ± 0.6 0. 1 2 ± 0.07 
41 .9 ± 11. 6 3.26 ± 0.24 
% Cove r 
55.7 ± 0.3 
11.5 ± 1.8 
2.7 ± 2. 1 
30.1 ± 4. 3 
3.5 ± 2.7 
13.9±5.8 
0.6 ± 0 . 5 
2.0 
29 .8 ± 15.7 
5 5 . 8 ± 1.1 
14.0 ± 0 . 9 
4 . 5 ± 1. 7 
25.7 ± 1. 5 
4 .9 ± 0.8 
o ± 0 
0.9 
2 1 .2 ± 1.3 
0.3 ± 0.1 
45.2 ± 2.5 
.. Diet 
4 7 .2 ± 13 . 1 
40.3±5.4 
9.9 ± 8 .5 
o ± 0 
1. 1± .1 
21. 5 ± 0.6 
P. I . 
0 .8 5 0 . 2 4 
3.53 0.09 
3.1 4 0 . 67 
o 0 
0.1 8 ± 0.18 
l. 8 4 ± 0.72 
11.9 ± 1 1. 5 13.7 1 ± 9.7 1 
7.5 3.83 
21.6 ± 17.0 0.59 ± 0 . 26 
39 .4 ± 6.7 
55.7 ± 8.1 
0.9 ± 0. 1 
o ± 0 
2 . 2 ± 2.2 
0.8 ± 0.2 
2.8 
o ± 0 
o ± 0 
0.5 ± 0.5 
0.7 1 ± 0. 14 
4 .0 3 ± 0. 83 
0 . 25 ± 0.10 
o ± 0 
0 .5 4 ± 0.54 
3 . 2 1 
o ± 0 
o ± 0 
0.01 ± 0 . 01 
APPENDIX II (cont.) 
Low den s ity High density 
'i; Co"er % Diet P."!:. % Cover % Diet P.1. 
N o_"e.rnb~ L 13 9.-1 
r~onocots 41.7 ± 8.5 25 2 ± 10.5 1.14 ± 0.77 76.1 + ~ J 39.8 ..t 0 0 . :3 + 0.02 
Forbs 31.4 ± 9.7 52.4 t 16.1 ~.64 ± 0 85 11.3+06 53.4 ± 4.4 4 . '17 I: 0.66 
Legumesl 2.9 t L.(I 18.9 ± 12.2 5 85 ± 3.54 4 S ± 1 7 0.6tO . 6 o 09 .t 0.U9 
Shrubs and trees 28.1±1l.2 2.3 ± 2.1 0.28± 0 28 ll.9±37 5.1 ± S.l 0 .62 .± 0.62 
~~ l.llil..QY.li:..i<!ll<! 1.0 ± 0 5 6.0 ± 5.3 6 . 08 + 4.48 2 . 7 ± 2 2 4.9 L9 J .01 1. 01 
!:l~spp. 14.1±6.4 6.3±4.4 2.86 + l.71 73.3 ± 2 . :> 37.'> ± 1.6 0.52 ± 0.04 
JJJ.!liJ;?.e.r.l!S v i r gin i il.Jl<! 34.7 ± 13.2 3.3 ± 3.9 0.46 ± 0.46 
!.&s.P~ cune<!ta1 1.7±0.3 3L.5 ± 17.1 21.12 ± 11.64 
Panicum oligosan~s 10.2 ± 5.~ S.O ± 5.U 2.64 t 2.64 O. S .t 0 1 0.1 t 0.1 0.11 :! o . 11 
El.5ill.!&gQ s p . 0.4 l.2 2.74 
Rh1J.S.~ 3.3 ± 0.5 o ± 0 IJ + 0 11. 7 + l .4 5. 1 ± 5 . 1 U.6:2 ± 0 . 62 
~9'2 sp. 10.0 ± 9.2 0 . 1 ± 0.1 0 . 06 ± O.OC 
SQxgh~~ o ± 0 l.7 ± 1.5 
SQ~ hglapenSr 0 0.1 
SP..Q.L:Q~ .umiU:: 12.5 ± 2 . 6 18.8 ± 4. 0 1.84 ± 1.01 
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